Pigmentation is a classic phenotype that varies widely and adaptively in nature both within and among taxa. Genes underlying pigmentation phenotype are highly pleiotropic, creating the potential for functional trade-offs. However, the basic tenets of this trade-off hypothesis with respect to lifehistory traits have not been directly addressed. In natural populations of Drosophila melanogaster, the degree of melanin pigmentation covaries with fecundity and several other fitness traits. To examine correlations and potential trade-offs associated with variation in pigmentation, we selected replicate outbred populations for extreme pigmentation phenotypes. Replicate populations responded rapidly to the selection regime and after 100 generations of artificial selection were phenotyped for pigmentation as well as the two basic fitness parameters of fecundity and longevity. Our data demonstrate that selection on pigmentation resulted in a significant shift in both fecundity and longevity profiles. Selection for dark pigmentation resulted in greater fecundity and no pronounced change in longevity, whereas selection for light pigmentation decreased longevity but did not affect fecundity. Our results indicate the pleiotropic nature of alleles underlying pigmentation phenotype and elucidate possible trade-offs between pigmentation and fitness traits that may shape patterns of phenotypic variation in natural populations.
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Background
Pigmentation is a classic phenotypic trait that has been studied from multiple perspectives including associations with sexual selection, predation and mimicry [1] [2] [3] [4] . Organisms exhibit a striking degree of variation in pigmentation both within and among taxa [4, 5] . This extensive variation has also provided a wealth of material for the genetic analysis of pigmentation in a variety of vertebrate and invertebrate systems [6 -8] .
Pigmentation as an important ecological trait has also provided basic insight into the operation of natural selection in the wild [3, 4, 9] . As with many other complex traits, pigmentation is highly variable within taxa and covaries with other traits that may be linked to organismal fitness. As in many other insects, abdominal tergite and mesothorax (trident) pigmentation vary predictably in cosmopolitan D. melanogaster with both latitude and altitude: temperate and high altitude populations of D. melanogaster are darker than tropical and lowland populations [10 -14] . In melanic Drosophila species (including D. melanogaster), pigmentation covaries with fecundity and several other fitness traits [6, 12, 15, 16] . Thus, it is unclear whether variation observed in natural populations is owing to the direct action of selection on pigmentation or may be driven by indirect selection on correlated traits. To experimentally address this deficiency, we used more than 100 generations of artificial selection for both dark and light pigmentation in cosmopolitan D. melanogaster to directly test whether extremes of pigmentation phenotype are associated with trade-offs in two fundamental aspects of fitness: reproduction and longevity.
Material and methods (a) Stock collection and scheme of artificial selection
Two selection treatments (dark or D PIG and light or L PIG ) and an unselected, control treatment (control or C PIG ) were created with threefold replication. Dark and light females were selected based on lateral body tergite melanization as described previously [17] . Further details on the selection procedure are given in Rajpurohit & Gibbs [18] .
After 100 generations of selection, an off-selection experiment was also established in which selection on pigmentation was removed for 20 generations but the remainder of the experimental protocol continued. Populations were scored for pigmentation at four time points, every five generations. This experiment was performed to examine whether the 100 generations of selection were sufficient to effectively fix alleles underlying pigmentation extremes.
(b) Pigmentation score
Body tergite pigmentation was scored according to David et al. [17] . For each replicate population, 25 -30 females were scored. Data are presented and analysed as the sum for all seven segments; we used a mixed-model ANOVA, with selection regime as a fixed main effect and experimental replicate as a random variable nested within selection treatment.
(c) Fecundity
Ten replicate vials were constructed for each replicate population. Virgin females and males were collected immediately after eclosion and aged to maturity for 4 d. Subsequently, one female and one male were mated in a regular culture vial for 24 h; males were then removed by direct aspiration. Females were transferred to fresh vials every day for 12 d and fecundity recorded. For analysis, we considered total fecundity over this period and again used mixed-model ANOVA where replicates were random and nested within the selection regime.
(d) Longevity
One hundred virgin females were collected from each replicate population and transferred in groups of 20 in replicate culture vials. All the vials were randomized. Flies were transferred to fresh vials every 2 d and mortality events recorded. Longevity data were analysed with a proportional hazards model [19] .
Results (a) Pigmentation
The status of pigmentation phenotype in the L PIG , C PIG and D PIG populations after 100 generations of selection is given in figure 1a 
(b) Fecundity
Mean total fecundity for the populations during the peak reproductive phase (days 1-12) is depicted in figure 2a . 
(c) Longevity
The longevity data clearly show pronounced variation among the selection treatments (figure 2b; x 2 ¼ 421.44; d.f.: 2; p , 0.0001). As can be seen in figure 2b , the C PIG populations demonstrated the greatest longevity; both the L PIG and D PIG populations exhibited significantly shorter lifespan than the control C PIG populations (L PIG , D PIG , C PIG ). The data demonstrate that selection on extreme pigmentation phenotype resulted in a correlated decrease in lifespan.
Discussion
There are two general hypotheses for the observed correlations between pigmentation phenotype and other fitness-associated traits. First, the alleles segregating at pigmentation genes [20, 21] may be highly pleiotropic and affect a suite of traits [7] ; this hypothesis is supported by significant genetic correlations between pigmentation and other traits [8] . Second, the production of melanin and pigments associated with dark coloration may represent a direct energetic cost that limits investment or allocation to somatic maintenance and/or reproduction. The differences across taxa in the costs of melanin synthesis suggest that energetic costs are unlikely to explain the generality of associations between pigmentation and other phenotypes [22] . However, this hypothesis has not been directly examined and remains a plausible explanation [23] .
Our results support the pleiotropy hypothesis. In the current experimental design and selected populations, the data appear inconsistent with the hypothesis that increased pigmentation is energetically costly in D. melanogaster, thus leading to decreased allocation to either somatic maintenance or reproduction. We observed that selection for increased pigmentation in the replicate D PIG populations led to increased total fecundity, whereas selection for reduced pigmentation did not significantly affect reproductive output. These results indicate that (i) higher melanin pigmentation and egg production are positively correlated in D. melanogaster, consistent with previous studies [12] and (ii) reduced pigmentation, potentially associated with decreased energetic costs, does not appear to result in increased allocation to or total reproductive output. Melanin-based coloration in vertebrates is also correlated with a variety of fitness-associated traits, suggesting that pigmentation-based pleiotropy may be a widespread phenomenon [24] .
Similarly, the data on longevity for the selection lines support the hypothesis that alleles segregating at pigmentation genes have pleiotropic effects on other fitness components. Selection for both increased and decreased pigmentation in replicate populations was associated with a decrease in longevity and increase in age-specific mortality rates relative to the paired unselected, control populations that were maintained on a similar demographic culture regime. The off-selection experiment demonstrated that 100 generations of artificial selection was sufficient to effectively fix phenotypes at their respective extremes, presumably owing to the fixation or near fixation of various alleles associated with dark and light pigmentation phenotype [20, 21] . The correlated phenotypic responses are not simply the product of reduction in genetic diversity or increased inbreeding in the selected populations, as the control populations were simultaneously cultured with the same reduction in population size across generations. In addition, the observed increase in fecundity for the D PIG replicate populations, and absence of a significant decline in fecundity for the replicate L PIG populations, indicate that the selection regime did not decrease fitness components in a generalized manner.
Longevity and fecundity often demonstrate negative correlations: i.e. a relative increase in reproductive output is associated with decreased longevity, and increased longevity is associated with a cost in terms of reproduction [25] [26] [27] . In this study, the D PIG populations exhibited significantly higher total fecundity than unselected controls, whereas longevity significantly decreased. These results are consistent with the negative correlations between longevity and reproduction and suggest that alleles underlying pigmentation variance may contribute to these associations. By contrast, the reproductive profiles of the L PIG populations did not evolve relative to the unselected controls but longevity was significantly reduced. Thus, the opposite selection regimes resulted in parallel cost in terms of the survivorship component of fitness, but reproductive output was either unchanged or increased as a function of direct selection on pigmentation. However, these associations are phenotypic correlations only, and are based on strong, directional artificial selection on phenotypic extremes. As the rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160625 selection regime is also predicted to fix alleles in linkage disequilibrium with the direct targets of selection, the effects of pigmentation alleles versus linked variation cannot be dissociated. Additional work is required to further dissect the potentially pleiotropic nature of alleles segregating at genes that underlie the genetic variance for pigmentation phenotype in natural populations.
Conclusion
The results demonstrate that selection for the two phenotypic extremes of body pigmentation in Drosophila resulted in asymmetric correlated responses for two fitness components, suggesting the potential for fitness trade-offs associated with alleles underlying pigmentation phenotypes in this taxon. Our data suggest that alleles underlying variance in pigmentation are highly pleiotropic, and that pigmentation represents one component of a suite of correlated phenotypes that may respond directly or indirectly to environmental heterogeneity in natural populations.
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